Introduction
============

Chondrosarcoma (CHS) is a malignant tumor with pure hyaline cartilage differentiation ([@b1-ol-0-0-9711]). Among primary bone malignancies, CHS is ranked second most common following osteosarcoma ([@b2-ol-0-0-9711]). Although it is a rare disease and occurs mainly in adults, patients with high-grade CHS suffer from high mortality rates due to conventional chemotherapy and radiotherapy resistance ([@b3-ol-0-0-9711],[@b4-ol-0-0-9711]). Therefore, it is necessary to investigate alternative strategies for the diagnosis and treatment of CHS.

MicroRNAs (miRNAs; miRs) are small non-coding RNAs with \~19--25 nucleotides ([@b5-ol-0-0-9711],[@b6-ol-0-0-9711]). Through transcriptional suppression or mRNA cleavage, miRNAs are widely involved in modulating target gene expression ([@b7-ol-0-0-9711]). Multiple studies have demonstrated that miRNAs may act as tumor suppressors or oncogenes in various tumors, including CHS ([@b5-ol-0-0-9711],[@b7-ol-0-0-9711]). For example, miR-129-5p was reported to suppress the Wnt/β-catenin signaling pathway by targeting SRY box 4, thus inhibiting cell proliferation and migration and increasing apoptosis in CHS ([@b8-ol-0-0-9711]). In addition, miR-181a has been revealed to enhance CHS growth and metastasis by suppressing regulator of G-protein signaling 16 ([@b9-ol-0-0-9711]). At present, the expression pattern and specific function of miR-525 are unknown in various diseases. Previous studies have indicated that miR-525 is a pregnancy-associated miRNA, but the underlying mechanism of function is unclear ([@b10-ol-0-0-9711],[@b11-ol-0-0-9711]). Additionally, miR-525 has also been revealed to promote invasive properties of hepatocellular carcinoma (HCC) cells ([@b12-ol-0-0-9711]). However, no studies have focused on the role and mechanism of miR-525 in CHS.

F-spondin 1 (SPON1) is an extracellular matrix protein that is highly expressed in sensory neuron cells ([@b13-ol-0-0-9711]). An *in vitro* study indicated that recombinant SPON1 enhances spinal cord and sensory neuron cell attachment, as well as neuritis outgrowth ([@b14-ol-0-0-9711]). SPON1 has been demonstrated to activate focal adhesion kinase (FAK) and Src signaling to enhance the development of osteosarcoma; consequently, SPON1 may be a potential therapeutic target for osteosarcoma ([@b13-ol-0-0-9711]). In addition, SPON1-knockout mice demonstrate a high bone mass phenotype ([@b15-ol-0-0-9711]). Despite these observations, little is known about the precise physiological roles of SPON1 in CHS.

In the present study, it was demonstrated that decreased miR-525 levels in CHS enhance malignancy by targeting SPON1.

Materials and methods
=====================

### Clinical samples

The chondrosarcoma biopsy specimens were collected from 50 patients (with a median age of 56.3±12.6 years, ranging from 43--70 years, 25 male and 25 female) at Hongqi Hospital, Mudanjiang Medical University, Mudanjiang, China, between April 2015 and September 2017. The samples were pathologically confirmed and collected during surgery prior to radiotherapy or chemotherapy. All tissue samples were obtained with informed written consent from the patients and were approved for study by the Ethics Committee of Hongqi Hospital, Mudanjiang Medical University (Mudanjiang, China).

### Cell lines

The human chondrosarcoma JJ012, Hs 819.T and SW1353 cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). In addition, the normal chondrocyte CHON-002 cell line, also derived from human bone tissue, was purchased from Shanghai Yu Bo Biological Technology Co., Ltd (<http://www.sh-ybio.com/>). These cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) in a humidified atmosphere of 5% CO~2~ at 37°C.

### Transfection

In brief, SW1353 cells were cultured in 2 ml DMEM medium for 24 h. The cells were then transfected with miR-525 mimics, SPON1 siRNA. MiR-525 mimics (CUCCAGAGGGAUGCACUUUCU), SPON1 cDNA (the cDNA sequence was the same of NM_006108) and SPON1 siRNA (GCTCTCTGACCAAGAAACTTTG) were obtained from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). A pcDNA3.1 vector (Thermo Fisher Scientific, Inc.) was employed to generate miR-525, SPON1 cDNA and SPON1 pcDNA3.1 expression plasmids (Promega Corporation, Madison, WI, USA), and the empty pcDNA3.1 vector was used as a negative control. Transfection into SW1353 and JJ012 cells was performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocols at a final concentration of 50 nM.

### Transwell migration and invasion assays

For migration assays, 5×10^4^ transfected cells were placed in the upper chamber of each Transwell plate (8-µm pore filter; Corning Inc., Corning, NY, USA). For invasion assays, 5×10^5^ transfected cells were placed in the upper chamber of each well containing Matrigel-coated inserts with DMEM culture medium. DMEM supplemented with 20% FBS was added to the lower chambers of the Transwells. Following the incubation of 24 h for the migration and invasion assays, the upper surfaces of the membranes were wiped with cotton tips, and the cells attached to the lower surfaces were stained with 0.5% crystal violet for 1 h at 37°C. Images of the invaded or migrated cells were captured, and the number of cells was counted in five random fields under a light microscope (×40 magnification, XDS-500D; Shanghai Caikon Optical Instrument Co., Ltd., Shanghai, China). The data for the average number of cells were from three independent experiments.

### Flow cytometry

For apoptosis assays, flow cytometry was performed with an Annexin V-fluorescein-5-isothiocyanate apoptosis detection kit (BD Biosciences, San Jose, CA, USA), according to the manufacturer\'s protocol. At 48 h after transfection with miR-525 mimics (50 nM) or negative control (50 nM), SW1353 cells were harvested in a 5 ml tube. Then, the cells were washed with cold PBS and resuspended at a final concentration of 1×10^6^ cells/ml. FITC-AnnexinV (5 µl) and propidium iodide were gently mixed and incubated with the cells for 15 min at room temperature. Following incubation, the samples were analyzed using a flow cytoemter within 1 h. Annexin V- and PI+ staining indicated necrotic cells; Annexin V+ and PI+ staining indicated late apoptotic cells; Annexin V+ and PI- staining indicated early apoptotic cells; and the Annexin V- and PI- staining indicated normal cells. Cell apoptosis were determined by flow cytometry using a BD FACSCalibur system (SKU\#: 8044-30-1001, BD Biosciences, Franklin Lakes, NJ, USA) and data was analyzed using the ModFit software version 4.1 (Verity Software House, Inc., Topsham, ME, USA).

### Luciferase reporter assay

The SPON1 3′ untranslated region (UTR) segments containing miR-525 binding sites were amplified by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and the mutant segments were designed. The oligonucleotide couples were then inserted into the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega Corporation, Madison, WI, USA) and were subsequently sequenced to prevent any mutants. 293 cells purchased from ATCC were plated in 24-well plates and co-transfected with miR-525 mimic or negative control with recombinant pmirGLO using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). At 48 h following co-transfection, the relative luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega Corporation). To determine the relative luciferase acitivity, firefly luciferase is normalized to ranilla luciferase.

### RT-qPCR

Total RNA extraction from chondrosarcoma biopsy specimens and JJ012, Hs 819.T and SW1353 cells was conducted with the TRIzol reagent kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocols. The corresponding cDNA was obtained using a reverse transcription kit (Thermo Fisher Scientific Inc.). The concentration and the purity of the RNA samples were assayed by absorbent density analysis using an optical density (OD) ratio of 260/280 nm. A total of 2 µg RNA was reverse-transcribed using the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR amplifications were performed in a 10-µl reaction system containing 5 µl SYBR Green Supermix (Takara Bio, Inc., Otsu, Japan) on Bio-Rad iQ5 Optical System (Bio-Rad Laboratories, Inc., Hercules, CA, USA), 0.4 µl forward primer, 0.4 µl reverse primer, 2.2 µl double-distilled water and 2 µl template cDNA. RT-qPCR assays were performed to detect the relative expression levels of miR-525 and SPON1, and U6 was used as an endogenous control for miRNA and GAPDH for mRNA. qPCR was performed with 1 µg cDNA and SYBRGreen master mix (Roche Diagnostics, Basel, Switzerland) on a Roche Lightcycler 480 (Roche Diagnostics) at 95°C for 10 min, followed by 50 cycles of 95°C for 10 sec, 55°C for 10 sec, 72°C for 5 sec; 99°C for 1 sec; 59°C for 15 sec; 95°C for 1 sec, and cooling to 40°C. The relative expression levels were calculated with the 2^−ΔΔCq^ method ([@b16-ol-0-0-9711]), and the experiments were repeated in triplicate. The primers used in the current study were listed as follows: miR-525-RT, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGAAG-3′; U6-RT, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATG-3′; miR-525, forward 5′-CUCCAGAGGGAUGCAC-3′; U6, forward 5′-GCGCGTCGTGAAGCGTTC-3′; universal reverse primer, 5′-GTGCAGGGTCCGAGGT-3′.

### Western blotting

Total proteins were isolated from lung tissues or A549 cells using a total protein extraction kit (Beijing Solarbio Science & Technology Co., Ltd.) and were collected following centrifugation at 12,000 × g for 30 min at 4°C. A BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to determine the protein concentration. Proteins isolated from the cultured cells were separated by 10% SDS-PAGE (30 µg/lane) and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Then, the membranes were blocked with 5% skim milk for 40 min at 37°C. Subsequently, the membranes were incubated overnight at 4°C with SPON1 (cat. no. ab14271; Abcam, Cambridge, UK), FAK (cat. no. 71433), Src (cat. no. 2109), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K; cat. no. 4249), phosphorylated (p)-PI3K (cat. no. 13857), protein kinase B (AKT; cat. no. 4685), p-AKT (cat. no. 4060) and GAPDH (cat. no. 5174; all Cell Signaling Technology, Inc., Danvers, MA, USA) antibodies were all diluted at 1:1,000 in PBS with Tween 20. The membranes were incubated with the primary antibodies at 4°C overnight. Following several washes with Tris-buffered saline with Tween 20, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000; cat no. ZB-2306, OriGene Technologies, Inc., Beijing, China) for 2 h at room temperature and then washed with tris-buffered saline and Tween. Proteins were detected using enhanced chemiluminescence RapidStep^™^-ECL, according to the manufacturer\'s protocol (cat. no. 345818; Merck KGaA, Darmstadt, Germany). ImageJ 1.8.0 (National Institutes of Health, Bethesda, MD, USA) was used to quantify the relative protein expression levels. GAPDH was used as an internal control.

### Statistical analysis

SPSS 19.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism (version 6.0; GraftPad Software, Inc., La Jolla, CA, USA) were used for data analysis. The data are presented as the mean ± standard deviation. The data were analyzed with Student\'s t-test when only two groups were compared. In addition, one-way analysis of variance with Fisher\'s least significant difference test was conducted to evaluate the differences among multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Reduced miR-525 expression levels in CHS tissues and cells

RT-qPCR was performed to evaluate miR-525 expression levels in CHS tissues. Compared with normal control tissues, miR-525 expression was significantly decreased (0.432±0.056, P\<0.01) in CHS tissues ([Fig. 1A](#f1-ol-0-0-9711){ref-type="fig"}). miR-525 expression in human chondrosarcoma JJ012, Hs 819.T and SW1353 cell lines and the normal chondrocyte CHON-002 cell line were quantified. By contrast to those in CHON-002 cells, miR-525 expression was markedly decreased in JJ012, Hs 819.T and SW1353 cells ([Fig. 1B](#f1-ol-0-0-9711){ref-type="fig"}). These data suggested a potential tumor suppressor activity of miR-525 in CHS cells and tissues.

### MiR-525 directly targets SPON1

The underlying mechanism through which miR-525 modulated the malignancy of CHS was evaluated. Notably, a conserved binding site for miR-525 was identified in the 3′UTR of SPON1 ([Fig. 2A](#f2-ol-0-0-9711){ref-type="fig"}). The 3′UTR containing the SPON1 binding site was therefore cloned into the dual luciferase reporter vector pmirGLO. Dual luciferase reporter assays revealed that the overexpression of miR-525, but not the mutant vector, could significantly suppress the relative luciferase reporter activity ([Fig. 2B](#f2-ol-0-0-9711){ref-type="fig"}). Furthermore, western blot analysis revealed that miR-525 significantly decreased the protein expression levels of SPON1 ([Fig. 2C](#f2-ol-0-0-9711){ref-type="fig"}), but inhibiting miR-525 increased the expression levels of SPON1 ([Fig. 2D](#f2-ol-0-0-9711){ref-type="fig"}). These data indicated that SPON1 was a target gene of miR-525.

### Increased SPON1 expression levels in CHS tissues and cells

The expression pattern of SPON1 in CHS tissues and cells was determined by western blot analysis. The data revealed that the protein expression levels of SPON1 were significantly higher in CHS tissues than in the normal control tissues ([Fig. 3A](#f3-ol-0-0-9711){ref-type="fig"}). In addition, the protein expression levels of SPON1 were higher in JJ012, Hs 819.T and SW1353 cells than in CHON-002 cells ([Fig. 3B](#f3-ol-0-0-9711){ref-type="fig"}).

### miR-525 suppresses SW1353 cell migration and invasion and promotes cell apoptosis

The effects of miR-525 on SW1353 cell migration, invasion and apoptosis were analyzed. As presented in [Fig. 4A and B](#f4-ol-0-0-9711){ref-type="fig"}, the overexpression of miR-525 significantly suppressed SW1353 cell migration and invasion capability. Flow cytometry analyses revealed that miR-525 significantly increased the apoptotic cell numbers ([Fig. 4C](#f4-ol-0-0-9711){ref-type="fig"}).

### miR-525 inhibits the FAK/Src/PI3K/AKT pathway by targeting SPON1

A previous study revealed that SPON1 can activate FAK and Src signaling to enhance the development of osteosarcoma ([@b13-ol-0-0-9711]). Thus, the effects of miR-525 on the protein expression levels of FAK, Src, PI3K, p-PI3K, AKT and p-AKT were investigated. Western blot analyses revealed that the overexpression of miR-525 significantly suppressed the expression of SPON1, FAK, Src, p-PI3K and p-AKT ([Fig. 5A](#f5-ol-0-0-9711){ref-type="fig"}). In addition, a specific siRNA targeting SPON1 revealed that silencing SPON1 decreased the expression levels of SPON1, FAK, Src, p-PI3K and p-AKT ([Fig. 5A](#f5-ol-0-0-9711){ref-type="fig"}). In comparison, inhibiting miR-525 increased the levels of SPON1, FAK, Src, p-PI3K and p-AKT ([Fig. 5B](#f5-ol-0-0-9711){ref-type="fig"}). However, such effects could largely be reversed by knocking down SPON1 ([Fig. 5B](#f5-ol-0-0-9711){ref-type="fig"}). Taken together, the data revealed that miR-525 inhibits the FAK/Src/PI3K/AKT pathway by targeting SPON1.

Discussion
==========

CHS is a malignant bone tumor that primarily affects adults between the ages of 20 and 60 years ([@b17-ol-0-0-9711],[@b18-ol-0-0-9711]). At present, the main treatment method for CHS is surgical resection. Thus, it is of great importance to elucidate the underlying mechanism of CHS to develop a novel therapeutic method for patients with CHS ([@b1-ol-0-0-9711],[@b19-ol-0-0-9711]). Due to their extensive effects on cell proliferation, differentiation, apoptosis, and drug resistance, miRNAs have been revealed to be widely involved in the progression of a number of tumors ([@b20-ol-0-0-9711],[@b21-ol-0-0-9711]). The present study focused mainly on miR-525, which is poorly understood in the progression of tumors. To the best of our knowledge, the present study is the first to reveal that miR-525 expression is decreased in CHS tissues and cell lines. Further studies revealed that SPON1 was a target gene of miR-525.

SPON1 is a secreted adhesion molecule identified in the embryonic floor plate of vertebrates ([@b22-ol-0-0-9711]). SPON1 has been demonstrated to enhance extracellular matrix attachment and to activate axonal outgrowth. More recently, a wide distribution of SPON1 has been identified in non-neuronal tissues, including the ovaries, lungs, periodontal tissue and osteoarthritic cartilage ([@b13-ol-0-0-9711]). For instance, emerging evidence has demonstrated that R-spondins (Rspos) regulate osteoblastic differentiation and bone formation mainly by modulating the Wnt/β-catenin signaling pathway ([@b22-ol-0-0-9711]--[@b24-ol-0-0-9711]). In addition, SPON1 serves a key role in the specification of hematopoietic stem cells by regulating the Wnt16 and Vegfa signaling pathways ([@b25-ol-0-0-9711]). As a pericellular matrix protein, the regulation mode for SPON1 protein is not clearly understood. F-spondin was originally observed in the rat embryo floor plate, which serves key roles in the control of neural cell patterning and axonal growth in the developing vertebrate nervous system. F-spondin is proteolytically processed into fragments when secreted by cells within the floor plate. These fragments can then bind to the floor plate cells or the basement membrane differentially ([@b26-ol-0-0-9711]). In addition, it has been demonstrated that microRNA-506 regulates proliferation, migration and invasion in HCC by targeting SPON1 ([@b27-ol-0-0-9711]). However, no study has analyzed the expression of SPON1 in CHS tissues. The findings of the present study suggested that the expression levels of SPON1 were increased in CHS tissues and cell lines. It is speculated that the upregulation of SPON1 in CHS tissues leads to the aberrant proliferation of CHS cells.

A previous study revealed a canonical linear signaling pathway (FAK/Src/PI3K/Akt) activated by SPON1 in human osteosarcoma cells ([@b28-ol-0-0-9711]). The upregulation of SPON1 can be transmitted to catalytic proteins, including FAK, which exerts broad effects on the signal transduction pathways downstream of integrins ([@b29-ol-0-0-9711]). As a cytosolic tyrosine kinase, autophosphorylated FAK directly interacts with another tyrosine kinase, Src, thus resulting in its phosphorylation and activation ([@b30-ol-0-0-9711]--[@b32-ol-0-0-9711]). Src signaling can further lead to the activation of PI3K/Akt signaling to modulate cancer cell proliferation and migration ([@b33-ol-0-0-9711]). Therefore, the role of miR-525 in CHS cell migration and proliferation was evaluated. The data of the present study revealed that the overexpression of miR-525 significantly suppressed the activation of FAK/Src/PI3K/Akt signaling in CHS cells; this suppression simulates the effects of SPON1 silencing. In comparison, inhibiting the SPON1-induced inactivation of FAK/Src/PI3K/Akt signaling could largely be eliminated by inhibiting miR-525.

The aforementioned findings prompted the current study to investigate the potential mechanism by which miR-525 was reduced in the progression of CHS. Inflammation is a hallmark in the initiation and progression of malignant types of cancer ([@b34-ol-0-0-9711]). In CHS, the inflammatory changes are relatively discrete ([@b34-ol-0-0-9711]). F-spondin has been demonstrated to enhance murine neuroblastoma survival under adverse conditions by increasing IL-6 expression levels via a mitogen activated kinase kinase kinase (MEKK)/p38 MAPK/nuclear factor-κB-dependent pathway ([@b35-ol-0-0-9711]). In the present study, it was proposed that an increased inflammatory response in the progression of CHS results in reduced miR-525 levels, which upregulates SPON1 expression and reduces the production of inflammation factors. However, the precise mechanisms leading to reduced miR-525 require further study.

In summary, the present study revealed that miR-525 acts as a tumor suppressor in the progression of CHS. Further investigations revealed that miR-525 could suppress CHS malignancy through inactivating FAK/Src/PI3K/Akt signaling by binding to the 3′UTR of SPON1.
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![Analysis of miR-525 levels in CHS tissues and cells. (A) RT-qPCR analysis of miR-525 expression in normal control tissues and CHS tissues. (B) RT-qPCR analysis of miR-525 level in CHON-002, JJ012, Hs 819.T and SW1353 cells. \*P\<0.05, \*\*P\<0.01, vs. control. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; miR, micro RNA; CHS, chondrosarcoma.](ol-17-01-0781-g00){#f1-ol-0-0-9711}

![SPON1 was a target gene of miR-525. (A) TargetScan prediction of a conserved binding site for miR-525 was identified in the 3′UTR of SPON1. (B) Dual luciferase reporter assay of the relative luciferase reporter activity. Western blot analysis revealed that miR-525 significantly suppressed the protein levels of (C) SPON1, but the (D) inhibition of miR-525 could increase the expression levels of SPON1. \*P\<0.05, \*\*\*P\<0.01, vs. control. UTR, untranslated region; RLU, relative light units; miR, micro RNA; SPON1, F-spondin 1; NC, negative control.](ol-17-01-0781-g01){#f2-ol-0-0-9711}

![Enhanced SPON1 expression in CHS tissues and cells. (A) Western blot analysis was performed to evaluate the protein levels of SPON1 in the CHS tissues and the normal control tissues. (B) Western blotting assay was conducted to explore the protein levels of SPON1 in JJ012, Hs 819.T, SW1353 and CHON-002 cells. The Hs819.T lane was run discontinuously with the other lanes in the gel and the separation is indicated by a dashed line. \*P\<0.05, \*\*P\<0.01, vs. control. SPON1, F-spondin 1; NC, negative control.](ol-17-01-0781-g02){#f3-ol-0-0-9711}

![MiR-525 suppressed SW1353 cell migration and invasion and prompted cell apoptosis. (A) Cell migration and (B) invasion assay of the overexpression of miR-525 (C) Flow cytometry analyses revealed that miR-525 significantly increased the population of apoptotic cells. \*\*P\<0.01 and \*\*\*P\<0.001, vs. control. miR, microRNA.](ol-17-01-0781-g03){#f4-ol-0-0-9711}

![MiR-525 inhibited the FAK/Src/PI3K/AKT pathway mainly by targeting SPON1. (A) Western blot analysis illustrating that the overexpression of miR-525 significantly suppressed the expression of SPON1, FAK, Src, p-PI3K and p-AKT. (B) Western blot analysis illustrating that the inhibition of miR-525 increased the levels of SPON1, FAK, Src, p-PI3K and p-AKT. \*P\<0.05 and \*\*\*P\<0.001, vs. control. FAK, focal adhesion kinase, p, phosphorylated, PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase, AKT, protein kinase B; miR, micro RNA; SPON1, F-spondin 1.](ol-17-01-0781-g04){#f5-ol-0-0-9711}
